Introduction
Adeno-associated viral (AAV) vectors are showing great promise in clinical trials for delivering therapeutic genes to treat monogenic disorders. 1, 2 For gene transfer to the liver, the standard approach is to deliver an expression cassette that persists primarily in the form of extrachromosomal episomes. Episomal expression faces 2 major limitations: (1) the dilution of expression in proliferating cells, and (2) the restricted packaging capacity of the AAV vector. Site-specific integration of a corrective donor cassette into the genome allows therapeutic gene expression to persist through cell divisions and increases the effective carrying capacity of the vector by obviating the need for enhancer and/or promoter elements within the exogenous donor.
Genome editing has been successfully applied in a variety of preclinical models, both ex vivo and in vivo. [3] [4] [5] [6] [7] Historically, the efficiency of gene-specific editing in mammalian cells has been very low, which limits its therapeutic potential. The targeting process is known to be greatly enhanced (100-to 1000-fold) by the induction of a DNA double-strand break at the target site. 8, 9 The development of customized DNA-cleaving enzymes, such as zinc finger nucleases (ZFNs), has made it possible to achieve far greater genome editing efficiencies. ZFNs function as dimers by coupling DNA binding motifs from transcription factors with the FokI endonuclease domain to generate double-stand breaks at their target site.
A typical genome editing approach is to target the disease locus itself; however, the proportion of alleles successfully edited may not express sufficient levels of protein to alleviate the disease phenotype. Alternatively, integration into a locus with high transcriptional activity (safe harbor) would address this limitation and provide a versatile platform for expressing various proteins, substituting the donor for each respective therapeutic transgene.
For our studies, serum albumin was chosen as the genomic safe harbor because of its very high expression level and the tractability of liver for gene delivery and in vivo editing relative to other tissues. In addition, the albumin gene structure is well suited for transgene targeting into intronic sequences because its first exon encodes a secretory peptide that is cleaved from the final protein product. By analogy to our previous work on human factor 9 (hF9), 7, 10 we reasoned that integration of a promoterless cassette bearing a splice acceptor and therapeutic transgene would support expression and secretion of many different proteins, because signal peptides are often functionally interchangeable. 11, 12 Materials and methods
Animal experiments
AAV vector was diluted to 200 mL with phosphate-buffered saline plus 0.001% Pluronic F68 before being injected into the tail vein. Plasma for human factor IX (hFIX) enzyme-linked immunosorbent assay (ELISA) was obtained by retroorbital bleeding into heparinized capillary tubes. Plasma for activated partial thromboplastin time (aPTT) was obtained by tail bleeding into 3.8% sodium citrate at a 9:1 ratio. Tissue for nucleic acid analysis was immediately frozen on dry ice after necropsy. Wild-type C57BL/6 mice were purchased from The Jackson Laboratory. Hemophilia B and hemophilia A/CD4 null mice have been previously described. 10, 13 Minimum sample sizes were determined by estimating mean values and standard deviations based on previous in vivo ZFN studies that used an a of .05 and a power of .80. Randomization and blinding were not conducted.
ZFN reagents and targeting vectors
Heterodimeric ZFNs targeting the mouse albumin (mAlb) locus contain the ELD:KKR mutations 14 in the FokI domain (Figures 1-3 ; sequences provided in supplemental Figure 6 , available at the Blood Web site). The experiment described in Figure 4 uses a modified pair of ZFNs that retain the same target sequence within mAlb and similar cleavage efficiency (48641/31523 ZFNs; supplemental Figure 6 ). The promoterless hF9 donor vector containing a complementary DNA (cDNA) cassette with exons 2 to 8 of the hF9 gene has been previously described. 10 All the hF8 donors carry a splice acceptor sequence derived from the hF9 gene followed by a B-domain-deleted F8 cDNA (devoid of the first 57 nucleotides encoding the signal peptide). hF8 donor 1 contains the SQ amino acid sequence 15 and was codon optimized by DNA2.0. hF8 donor 2 was codon optimized and contains a putative glycosylation sequence and a shorter polyA sequence as described 16 (summarized in supplemental Figure 4 ). hF9 and hF8 donors do not contain arms of homology to the target site. The donors used in Figure 3 carried an hF9 splice acceptor sequence followed by the cDNA encoding for a-galactosidase A, acid b-glucosidase (GBA), a-L-iduronidase, and iduronate-2-sulfatase. These donors contain arms of homology of approximately 600 bp to the mouse albumin target site.
AAV vectors used in Figures 1 and 2 and supplemental Figures 2B-D and 3 were produced and titered as previously described. 17, 18 Experiments in Figures  3 and 4 , and in supplemental Figures 1, 2A , and 5 were conducted by using AAV vectors prepared by triple-transfection of 293 cells in 10-layer CellSTACK chambers (Corning). After 3 days, cells were lysed and recombinant AAV (rAAV) was purified by a single cesium chloride gradient followed by dialysis. The titer of these vectors was measured by quantitative polymerase chain reaction (qPCR) (forward primer 59-GTTGCCAGCCATCTGTTGTTT, reverse primer 59-GACAGTGGGAGTGGCACCTT, and probe 59-CTCCCCCGTGCCTTCCTTGACC). It appeared that 1 3 10 11 vector genomes (vg) as determined by silver staining is equivalent to 3 3 10 11 vg as determined by qPCR.
FIX antigen and activity
An hFIX ELISA kit (Affinity Biologicals) was used to quantify plasma hFIX. All readings below the last value of the standard curve (15 ng/mL) were arbitrarily given the value of 15 ng/mL. hFIX activity levels in citrated mouse plasma were determined by using a chromogenic assay (A221802; Aniara).
hFVIII activity and aPTT assay
Coagulant activity of human factor VIII (hFVIII) in citrated mouse plasma was determined by Coatest SP4 FVIII (Chromogenix). The aPTT assay was performed by mixing sample plasma 1:1:1 with pooled hemophilia B ( Figure 1F ) or hemophilia A (Figures 2 and 4B ) human plasma (George King Biomedical, Inc.) and aPTT reagent (Trinity Biotech) followed by a 180-second incubation period at 37°C. Coagulation was initiated after the addition of 25 mM calcium chloride. Time to clot formation was measured by using a STart 4 coagulation instrument (Diagnostica Stago).
Western blot analysis of liver homogenates
Western blot detection from liver homogenates was carried out 30 days after treatment. Highly abundant proteins (albumin and immunoglobulin G) were depleted from liver homogenates in radioimmunoprecipitation assay buffer. Primary antibodies were a-L-iduronidase (MAB4119; 1:1000; R&D Systems), iduronate-2-sulfatase (MAB2449; 1:500; R&D Systems), a-galactosidase A (12078-R001; 1:1000; Sino Biological), and acid b-glucosidase (sc-100544; 1:500; Santa Cruz Biotechnology). Secondary antibodies were from Santa Cruz Biotechnology (mouse, sc-2005; rabbit, sc-2004).
Surveyor nuclease (Cel I) assay
Genomic DNA from mouse liver was isolated by using the MasterPure complete DNA purification kit (Epicentre Biotechnologies), and the assay was performed as described previously. 7, 14 Loci were amplified for 30 cycles (60°C annealing and 30-inch elongation at 68°C). The following primers were used to detect DNA cleavage at the albumin locus: 59-CCTGCTCGACCATGCTATACT-39 and 59-CAGGCCTTTGAAATGTTGTT-39.
RT-PCR and qPCR
Reverse-transcription PCR (RT-PCR) followed by qPCR was performed by using Ambion's High Capacity RNA-to-cDNA and Fast SYBR Green Master Mix (Applied Biosystems) according to manufacturer's instructions. The following primers were used: mAlb Fw1 (59-tgggtaacctttctcctcctc-39) with mAlb Rv (59-gggaaaaggcaatcaggact-39) and mAlb Fw2 (59-gtctccggctctgctttttc-39) with hF9 Rv (59-caggattttgttggcgtttt-39). Cycling conditions were 95°C for 2 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 30 seconds. To quantify the relative levels of transcript expression, the threshold cycle (Ct) was determined by the 2-DDCt method described by Livak. 19 In vitro AAV transduction of primary human hepatocytes Cell culture dishes (48-well; CM1048; Lifetech) were purchased precoated or plates (3548; VWR) were coated with a mixture of 250 mL BD Matrigel (BD Biosciences) in 10 mL hepatocyte basal medium (CC-3199; Lonza) at 150 mL per well. Plates were incubated for 1 hour at 37°. Thawing/plating media was prepared by combining 18 mL InVitroGRO CP medium (BioreclamationIVT) and 400 mL Torpedo antibiotic mix (Celsis In Vitro Technologies). Once the plates were prepared, the female plateable human hepatocytes (lot# AKB; cat# F00995-P) were transferred from the liquid nitrogen vapor phase directly into the 37°water bath. The vial was stirred gently until the cells were completely thawed. The cells were transferred directly into a 50-mL conical tube containing 5 mL of prewarmed thawing/plating medium. To transfer cells completely, the vial was washed with 1 mL of thawing/plating medium. The cells were resuspended by gently swirling the tube. A small aliquot (20 mL) was removed to perform a cell count and to determine cell viability by using trypan blue solution 1:5 (25-900-C1; Cellgro). The cells were then centrifuged at 75g for 5 minutes. The supernatant was decanted completely and the cells were resuspended at 1 3 10 6 cells/mL. The matrigel mixture was aspirated from the wells, and cells were seeded at 2 3 10 5 cells per well in a 48-well dish. Cells were then incubated in a 5% CO 2 incubator at 37°C. At the time of transduction, cells were switched to hepatocyte culture medium (HCM) for maintenance (hepatocyte basal medium, CC-3199, Lonza; HCM, CC-4182, SingleQuots). AAV6 particles were diluted in HCM and added to cells at indicated multiplicities of infection. Transfection of mAlb ZFN messenger RNA (mRNA) was carried out with Lipofectamine RNAiMAX (Lifetech). After 24 hours, the medium was replaced by fresh HCM, which was done daily to ensure maximal health of the primary hepatocyte cultures. For experiments in which hFIX detection by ELISA was required, sometimes the medium was not exchanged for several days to allow hFIX to accumulate in the supernatants.
GBA enzymatic activity
Enzymatic activity of GBA in citrated mouse plasma was determined by mixing 50 mL of plasma diluted 53 or 103 in assay buffer (0.1 M citrate/0.2 M phosphate buffer [pH 5.4] containing 0.25% sodium taurocholate and 0.25% Triton X-100) with 50 mL of 10 mM synthetic substrate (4-methylumbelliferylb-D-glucopyranoside; Sigma-Aldrich) also dissolved in assay buffer and incubated for 2 hours at 37°C. Reactions were then terminated by the addition of 50 mL of 1 M glycine buffer (pH 12.5), and the amount of cleaved 4-methylumbelliferone (4-MU) produced was determined by measuring fluorescence using a SpectraMax Gemini XS fluorescent reader (Ex 365 /Em 450 ; Molecular Devices) and interpolating on a 4-MU standard curve. Enzymatic activity is expressed as nmol of 4-MU produced per hour of assay incubation time per mL of plasma. Statistical analysis was performed by using a 2-tailed Mann-Whitney test. GBA activity increase in ZFN 1 donor group is significant for days 7 to 21 compared with untreated and donor only groups. For week 4 and later, only 2 mice remained in the untreated and donor only groups because of scheduled mouse euthanasia, leaving insufficient mice for statistical analysis. (B) Cel I nuclease assay from liver DNA measuring ZFN-induced indels within albumin intron 1. Lanes represent individual mice at day 7 after AAV8-ZFN treatment. (C) hFIX in mouse plasma after treatment with AAV8-hF9-donor and either AAV8-ZFN (blue circles) or AAV8-hF9-ZFN (green diamonds) with a target sequence not present in the mouse genome; n 5 3 mice per group. (D) hFIX levels at week 2 after treatment are proportional to AAV dose (1:5 ZFN to donor). Gray bar: normal levels. Points represent individual mice. (E) hFIX levels in hemophilia B mice 2 weeks after treatment with AAV8-mAlb-ZFN and AAV8-hF9-donor (n 5 4 mice per group). *P 5 .029, Fisher's exact test. (F) Clot formation in mice depicted in panel E, measured by aPTT prior to and 2 weeks after treatment. The aPTTs of wild-type mice are shown for comparison. **P , .01, 2-tailed Mann-Whitney test. HDR, homology directed repair; n.s., nonsignificant; SA, splice acceptor.
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For personal use only. on September 23, 2017 . by guest www.bloodjournal.org From Indel detection using next-generation sequencing Loci were PCR amplified from genomic DNA, and the levels of modification were determined by paired-end deep sequencing on an Illumina MiSeq sequencing system. Paired sequences were merged via SeqPrep (jstjohn; https://github. com/jstjohn/SeqPrep). For the analysis of off-target activity, genomic DNA was isolated from mouse liver 30 days after transduction with mAlb ZFNs and GBA donor (animal 22; Figure 3D ) or from a control mouse injected with formulation buffer. ZFN activity was determined by deep sequencing at either on-target (mouse albumin) or off-target (rank 1-40 off-target sites as predicted by the systematic evolution of ligands by exponential enrichment (SELEX) profile of mAlb ZFNs) sites for both the phosphate-buffered saline control and the ZFN 1 donor-treated animal. The statistical test described in Pattanayak et al 20 was applied to quantify insertions and deletions (indels) by adjusting for MiSeq/PCR-induced indels (P , .05 was considered significant). Complete filter criteria are described in supplemental Data. Primers used to amplify genomic DNA for indel quantification (Table 1) are provided in supplemental Table 1 .
Statistics
GraphPad Prism was used to perform all statistical tests. For comparisons with groups in which values were unmeasurable (below limit of detection), a twosided Fisher's exact test was used. If data passed the D'Agostino and Pearson normality test, a 2-sided Student t test was used. Otherwise, the nonparametric Mann-Whitney test (2-tailed) was used. In all tests, P , .05 was considered significant.
Results
As an initial test of the feasibility of the strategy outlined in Figure 1A , we transduced human primary hepatocytes with an AAV6 vector that contained the hF9 donor sequence together with transfection of mRNA that encoded a ZFN pair targeting a site within the first intron of human albumin. Hepatocytes treated with donor and ZFNs exhibited measurable hFIX in the culture supernatant (supplemental Figure 1) .
We next sought to demonstrate this approach in vivo in the mouse. To accomplish this, we first engineered a ZFN pair targeting an analogous site in mAlb intron 1 and confirmed its activity in vitro in murine hepatoma cells (supplemental Figure 2A) . Next, we assessed activity in vivo via tail vein injection of 8-week-old C57BL/6 mice with 1 3 10 11 vg of an AAV8 vector encoding the ZFN pair (AAV8-ZFN) followed by Cel I assay of the target albumin locus from liver genomic DNA 7 days after vector administration. We observed cleavage at frequencies ranging from 12% to 17% (Figure 1B) , indicative of small indels characteristic of break repair by nonhomologous end joining (NHEJ). This result demonstrated that these ZFNs can efficiently cleave their endogenous target in the livers of adult mice and established their suitability for studies of the albumin locus for therapeutic transgene expression.
Hemophilia B represents an ideal disease for a liver-directed genome editing strategy because modest levels of hFIX activity (.1% of normal) can greatly ameliorate the disease phenotype. To determine whether ZFN-mediated insertion of an hF9 therapeutic donor could yield stable hFIX expression, we treated wild-type mice with 1 3 10 11 vg of AAV8-ZFN and 5 3 10 11 vg of AAV8-hF9-donor in which the donor construct encoded a promoterless hF9 cassette containing exons 2 through 8 of the hF9 gene flanked by a splicing acceptor signal and a poly A sequence. 7, 10 Consistent with ZFN-driven targeted integration, mice receiving the hF9 donor and the mAlb-targeted ZFNs exhibited high circulating human hFIX levels (.3000 ng/mL; Figure 1C ). Our protocol was well tolerated, and follow-up studies revealed stable hFIX expression levels (beyond 1 year; supplemental Figure 2B ) as well as no significant alterations in levels of serum alanine aminotransferase (supplemental Figure 2C ) or plasma albumin (data not shown). Although substantial levels of hFIX were obtained, the hybrid mAlb-hF9 mRNA represented a small fraction (0.5%) of total wild-type mAlb transcript, as determined by qRT-PCR analysis on RNA samples extracted from liver. This indicates that only a small fraction of hepatocytes need to be modified to achieve high levels of hFIX in the blood (supplemental Figure 2D) . We also demonstrated that hFIX levels could be adjusted by varying the dose of AAV. At a fixed 1:5 ratio of ZFN to donor, transgene expression was proportional to the AAV dose within a range of more than 2 orders of magnitude, yielding ;100 to 15 000 ng/mL of hFIX 2 weeks after treatment ( Figure 1D ).
Our strategy relies on splicing between albumin exon 1 and the integrated donor and is predicted to create a hybrid mRNA, which results in the substitution of a novel tripeptide for the 2 amino terminal residues of the hFIX propeptide. However, once processed, the resulting mature polypeptide should be identical to wild-type hFIX (supplemental Figure 3A) . To test whether these substitutions affected enzyme function, we assessed clotting activity in a mouse model of hemophilia B. We observed a correction of the hemophilic phenotype in mice treated with AAV8-ZFN and AAV8-hF9-donor as measured by aPTT ( Figure 1E-F) . By using a chromogenic activity assay, we then confirmed that the FIX enzymatic activity in plasma correlated with the antigen levels in a 1:1 ratio (supplemental Figure 3B) , indicating that the activity of the mature protein is not compromised. Collectively, these data show that long-term corrective levels of hFIX can be achieved after a single treatment with ZFN and therapeutic donor vectors.
One of the main advantages of our targeting strategy is that it allows production of any secretable protein without the need to change the ZFN reagent for each specific disease. To test the generalizability of the approach, we pursued a similar strategy for therapeutic expression of hFVIII in a mouse model of hemophilia A (HA/CD4null). The use of hemophilia A mice in a CD4null background allowed us to measure circulating human hFVIII without interference from endogenous mouse FVIII or the development of inhibitors against the human protein. Because the length of the coding sequence for this gene (7 kb) substantially exceeds the packaging capacity of AAV (;4.7 kb), an important aspect of these studies involved reducing the donor size to a length approaching this threshold. Accordingly, our donor encoded a truncated hFVIII variant that has also been engineered for reduced size and more efficient expression. 16 The resulting donor is summarized in supplemental Figure 4 (hF8 donor 2) . To further increase integration activity, we also delivered ZFNs individually by using separate vectors (rather than a single vector encoding a dual-expression cassette) because, in a preliminary study, this yielded a greater than threefold increase in ZFN potency in vivo at equivalent vector doses (supplemental Figure 5 ). Combining these improvements to ZFN delivery and donor design, injection of 5 3 10 10 vg of each individual AAV8-ZFN and 1 3 10 11 vg of AAV8-hF8-donor 2 resulted in hFVIII activity levels that were 37% 6 5.5% of normal (Figure 2A ). Of note, the wild-type FVIII protein does not contain a propeptide, whereas the predicted hybrid mAlb-FVIII fusion will contain the murine albumin propeptide at the N terminus. To demonstrate full functionality of the mature hFVIII protein in vivo, we performed an aPTT assay in mice treated with AAV8-hF8-donor 2 and either AAV8-ZFN or AAV8-mock vectors. Importantly, the observed hFVIII levels were able to correct the (Figure 2B ), demonstrating that in vivo genome editing targeting the albumin locus is able to restore hemostasis in mouse models of both hemophilia A and B.
Liver-directed gene transfer is attractive for the treatment of lysosomal storage diseases because of the liver's ability to secrete large amounts of protein into the blood and the ability of many lysosomal enzymes to be taken up by cells in the periphery (cross correction 21 ). It is anticipated that treating these progressive diseases as early as possible will provide the greatest therapeutic benefit. However, long-term expression after conventional, predominantly nonintegrating AAV administration in young patients may be compromised because of episomal dilution as hepatocytes divide. 22 Integration of a donor transgene into the albumin locus could potentially address this limitation. We treated adult wild-type mice with AAV8-ZFN and 4 donors that encoded human a-galactosidase A, acid b-glucosidase, iduronate-2 sulfatase, or a-L-iduronidase (ie, the genes that are deficient in patients with Fabry and Gaucher diseases and Hunter or Hurler's syndromes, respectively). Wild-type mice were treated with 3 3 10 11 vg of AAV8-ZFN and 3 3 10 11 or 1.5 3 10 12 vg of AAV8-donor for each transgene as indicated ( Figure 3A-D) . Four weeks after administration, all 4 lysosomal enzymes were detectable by western blot in liver lysates of treated mice. To assess the level of enzyme secretion more quantitatively, we treated wild-type mice with either 1.2 3 10 12 vg AAV8-GBA donor alone or in combination with 1.5 3 10 11 vg of each individual AAV8-ZFN (48641/31523 pair; supplemental Figure 6 ). We determined the enzymatic activity of GBA in plasma from treated mice as well as from untreated controls ( Figure 4A ). Plasma GBA activity in the ZFN 1 donortreated group was threefold greater than in untreated and/or donor only groups. These experiments indicate that GBA can be integrated and expressed from the albumin locus in vivo ( Figure 3D ) and that the resulting enzyme is secreted in an active form and can be readily detected even in the context of normal GBA activity levels in wildtype mice. These supraphysiological levels of GBA remained consistent throughout the course of the experiment (Figure 4B ), demonstrating the stability of both albumin modification and GBA expression and secretion. Together, these data provide a proof of principle that demonstrates the versatility of albumin as a targeting platform for various transgenes.
To assess the in vivo specificity of our mAlb-targeted ZFNs, we performed deep sequencing analysis on genomic DNA from animals treated with vehicle only or AAV8-ZFN and the GBA donor (animal 22; Figure 3D ). We quantified indels at 40 genomic targets that composed the most likely sites of off-target cleavage for homodimers and heterodimers as gauged by SELEX analysis of the mAlbZFNs. Encouragingly, despite the unoptimized nature of the ZFNs that were used in this study (compared with clinical leads 23 ), this analysis revealed highly efficient in vivo modification of the intended target (mAlb; 31.4% indels) with much lower indel levels observed at a minority of queried off-target loci (,2% at 11 loci; Table 1 ). 
Discussion
Recent clinical trials that used AAV-mediated gene transfer have highlighted the tremendous potential of gene therapy. 2, 24 However, an unanswered question is whether episome-derived liver expression will be sustained in a setting of substantial liver proliferation, as in pediatric patients (the liver quadruples in size during the first 4-5 years of development 25 ) or those with liver disease (eg, hepatitis and/or cirrhosis). For these patients, site-specific integration of the transgene to avoid AAV dilution and loss of expression could be especially beneficial. We have previously shown that in vivo genome editing can be applied successfully with therapeutic benefit in an engineered Rosa26 locus. 7, 10 Here, we demonstrate the therapeutic potential of targeting the endogenous albumin locus by insertion of a variety of transgenes in wild-type C57BL/6 mice.
In the specific context of in vivo gene targeting, in which it may not be possible to positively select corrected cells, targeting a limited number of cells may not result in enough secreted protein to correct a disease phenotype. In addition, targeted integration of a therapeutic transgene may not be a viable solution for some diseased loci because of mutations in the regulatory elements that control gene expression (eg, hemophilia B Brandenburg). The results presented here support the notion that a ZFN pair targeting a highly expressed locus such as mouse albumin may be used to overcome these limitations, representing an attractive platform for expression of multiple therapeutic genes.
It has recently been reported that AAV-mediated targeting of the albumin locus with no nuclease may be sufficient to correct disease. 26 We have not observed measurable hFIX protein in mice that did not receive a nuclease; however, these differences may be attributable to differences in our systems. For example, our donors do not contain the full hFIX open reading frame but rather exons 2 through 8 preceded by a splice acceptor. It is extremely unlikely that a mature protein would be produced as a result of the basal promoter activity of the AAV inverted terminal repeats or any cryptic promoter sequences in the donor construct. In addition, the length of homology arms and precise region of albumin targeted in the 2 studies were different. Nonetheless, on the basis of our results as well as the genome editing literature, we predict that adding a targeted nuclease to this strategy would substantially improve the efficiency of successful genome editing. This is an important consideration because it is well known that transduction with AAV in mouse liver is particularly efficient compared with that in large animals (;50 to 100 times greater at equivalent vg/kg doses 27 ). An unanswered question is whether genome editing in the absence of the nuclease would be efficient enough to achieve robust levels of protein production in larger animals. We believe it is reasonable to expect that adding a nuclease would allow the use of considerably lower donor-AAV doses to achieve therapeutically relevant levels of transgene expression compared with those required by the approach of Barzel and colleagues. 26 With regard to safety, the critical question will be whether a high dose of donor vector alone, which presumably relies on spontaneous DNA damage to initiate targeting, is preferred over a potentially lower overall vector dose of donor and nuclease. In addition, strategies based on donor integration via nonhomologous end joining following nuclease cleavage are a promising approach for diseases such a hemophilia A, in which the transgene, even without flanking arms of homology, pushes the limits of AAV packaging.
Cleavage specificity of designer nucleases remains an area of active inquiry. It is clear that patterns of unintended cleavage depend on the specific enzyme used, target tissue (and species of genome), and magnitude and/or duration of nuclease expression. An optimal delivery vector would permit short-lived nuclease expression in a large majority of target cells, mediating donor integration through DNA break-repair mechanisms while minimizing risk of off-target effects. In the proof-ofconcept study presented here, we used AAV vectors for nuclease and donor delivery to achieve efficient gene targeting and stable expression of therapeutic transgenes from the mAlb locus in vivo. The translation of this approach will require the use of highly optimized specific nucleases along with a comprehensive analysis of potential off-target modification in the human genome. Characterization of a single universal reagent as opposed to multiple enzymes represents a critical advance for maximizing the safety profile of gene editing technologies.
In summary, our results demonstrate phenotypic correction of mouse models of hemophilia A and B after the administration of AAV vectors that encode a donor construct and a ZFN pair targeting the albumin locus. We also show that this strategy can be extended to indications beyond hemophilia, demonstrating the potential for therapeutic use in diverse protein replacement therapies.
